The specimen of a polymer melt in a rotational-type rheometer protrudes from the jigs when we measure the rheological characteristics of polymer melts by use of rotational-type rheometers. To clarify the effect of this protruding part size on the estimated rheological characteristics in the oscillatory flow, we tried to estimate the storage modulus G' and loss modulus G" using the viscoelastic flow simulation results in the parallel plate rheometer by the finite element method. The multiple mode Phan-Thien Tanner (PTT) model was employed as the constitutive equation. The estimated G' and G" increase with the protruding part size at the same frequency. The phase difference d and the amplitude of shear stress t 0 need for the estimation of G' and G". The d was almost independent of the protruding part size. While, the t 0 increased with the protruding part size because of shear stress rise near the edge of the jigs in case of large protruding part size. The absolute deviations of the estimated G' and G" using the simulation results were up to 20 % at the protruding part size of 1 mm when the plate radius is 12.5 mm and the distance between the plates is 2 mm.
INTRODUCTION
When we measure the rheological properties of a polymer melt using a rotational-type rheometer, e.g. the parallel plate type or the cone-and-plate type, it is convenient to use the disk sample prepared by the injection or compression molding. After setting the disk sample to the jig, we increase the disk sample temperature. The melted sample would be protruded from the jigs because the disk sample volume increases with the temperature. We had better remove this protruding part for concrete measurement. However, it is difficult to remove this protruding part. Then we have one question, "How is the effect of the protruding part on the measurement data?" It is not clear quantitatively. One of the methods for solving this question is to use the numerical simulation of polymer melt flow in a rotating type rheometer.
There are some studies of the flow state in a rotational-type rheometer. For example, Cheng 1) measured experimentally the secondary flow of Newtonian fluid in the cone-and-plate rheometer. Olagunju 2) carried out the asymptotic analysis of the cone-and-plate flow of the Oldroyd-B fluid. The weak secondary motion of the cone-and-plate flow of a viscoelastic fluid was analyzed. It was clarified that the secondary flow is made up of either one or two toroidal vortices. The inertia effect was included in this analysis. Oztekin et al. 3) carried out the linear stability analysis by using a multiple-mode formulation of the Giesekus model. Petera and Nassehi 4) simulated the non-isothermal flow pattern in the cone-and-plate viscometer using the Carreau and Maxwell fluid by the finite element method. They presented the optimization procedure which can be used to modify the rheological parameters found by the cone-and-plate viscometry and gave an example based on the Carreau model for the non-Newtonian fluids. Dudgeon and Wedgewood 5) applied the Laser Doppler Velocimetry (LDV) technique for the measurement of the Newtonian flow in a cone-and-plate rheometer. They measured the primary and secondary flow patterns. In addition, they considered the effect of cone misalignment on the flow pattern. One of the main objectives of the above past studies seemed to consider the secondary motion in a cone-and-plate flow. Petera and Nassehi 4) and Dudgeon and Wedgewood 5) also discussed the experimental error and the improvement of this error.
We are trying to evaluate the error of protruding part size on the rheological measurement data by viscoelastic flow simulation of polymer melt in a rotating-type rheometer. In our past study 6) , we discussed the effect of protruding part size on the measurement data of steady-state flow characteristics.
In this paper, we discuss the effect of the protruding part size on the measurement data of oscillatory flow using the parallel plate rheometer.
In addition, we use the velocity gradient tensor L as a variable.
The equation of motion shown in Eq. (2) is modified as the following equations by use of the velocity gradient tensor because of stable viscoelastic flow simulation using the multiple-mode constitutive equation.
where h 0 is the zero shear viscosity at the reference temperature.
The shift factor a T is calculated by the following equation.
(5
Where A is the material constant and T 0 is the reference temperature. The relaxation time l i (T ), and the viscosity h i (T ) at temperature T are estimated from the following equations by use of the shift factor, the relaxation time l i (T 0 ) and the viscosity h i (T 0 ) at reference temperature T 0 . 
Test Fluid and Calculation Model
The HDPE (High Density Poly Ethylene) melt was employed as the test fluid. The experimental data of flow characteristics for the test fluid were referred from ref. 8 ).
These experimental data were used for the determination of the material constants for the PTT model. Figure 1 determined from these data. In this study, we determined six relaxation time modes. Figure 2 shows the steady-state shear flow characteristics for the HDPE melts, given from ref. 8) and their fitted curves by the PTT model. The other material constants of the PTT model, i.e. x and e at each mode, were determined from these data. Table I shows the material constants used in this study. These fitted curves are good agreements with experimental data. Other material constant used in this study are shown in Table II . Figure 3 shows the whole geometry of the calculation region for the parallel plate rheometer. The flow is assumed to be axisymmetric with respect to the rotation axis of the plates. Therefore, we used the cylindrical coordinate system for defining the calculation region, i.e. r-coordinate is parallel to the plate, z-coordinate is perpendicular to the plate and q-coordinate is the rotation direction of the plate. Here, R is the plate radius, H is the distance between the plates, and W is the angular velocity of the plate. In this study, some assumptions are also imposed for consideration of the effect of the protruding part on the estimated rheological data.
These assumptions are as the follows; (i) The interface shape between a liquid (HDPE melt) and a gas (air) is represented by the quadratic function and the shape is not changed.
(ii) The full slip condition is imposed on the interface between a liquid and a gas. (iii) Non-slip conditions are imposed on the wall. (iv) The forced-convection heat transfer conditions are imposed on this liquid-gas interface. The protruding part size was determined by E shown in Fig. 3 . Figure 4 shows the boundary conditions. T w is the wall temperature, T A is the air temperature and h is the heat transfer coefficient of the liquid-gas interface. Fig . 3 . The whole calculation region for the polymer melt flow simulation in a parallel plate rheometer. The size of the protruding part is also defined in these figures. 18) where D is the r coordinate on a surface of the fluid, k A is the thermal conductivity of the air, r A is the density of the air, m A is the viscosity of the air, C pA is the specific heat of the air, V A is the air velocity, g is the acceleration of gravity, T a is the air velocity and b is the thermal expansion coefficient of the air. And c and m are the constants that depend on the Re A shown in Table III . In this study, air temperature T a is set up at 190 °C.
The material constants of the air are also shown in Table III. 11)
Calculation Method and Procedure
The governing equations (the equation of continuity, the equation of motion, the constitutive equation and the equation of energy) are discretized by the weight residual equations.
The Galerkin finite element method is employed as the calculation method in this study. We used the under-relaxation method for rate-of-deformation tensor proposed by Tanoue et al. 12) for the purpose of stable calculation. 
RESULTS AND DISCUSSIONS

Determination of the Angular Velocity Condition
In this calculation, we gave the oscillatory strain g as the following equation, 10) . And the material constants of air at 190°C 11) . 
where R is the plate radius, W is the angular velocity of the plate and H is the distance between the plates. The phase of the angular velocity of the plate W is as same as that of the strain rate g 4 . Then, the absolute value of strain rate at t = 0 s, i.e.
the initial condition, should be the maximum value. However, this is conflicting in the actual rheometer. For solving this conflicting, the angular velocity of the plate was given by the following function,
Where <u> is the reference velocity defined by <u> = g 0 Hw.
The strain defined by Eq. (19) can be kept by using the angular velocity defined by Eq. (22). 
The Estimation Method of Storage Modulus
Therefore, the characteristic shear stress t at each time step can be estimated by the torque T q at each time step. Figure 6 shows the relationship between t /g 0 and w t at frequency w = 1.0 rad/s and the protruding part size E = 0.0 mm. The relationship between the strain g and wt is also shown in the same figure. Obviously, the phase of t /g 0 is different from that of strain g. In this study, we estimated t 0 /g 0 and d by using the relationship between t /g 0 and wt at each cycle, e.g. in the region of 0 ≤ wt / (2p) ≤ 1, 1 ≤ wt / (2p) ≤ 2, etc.
The estimated storage modulus G' and loss modulus G"
would be different by the elapsed time because we calculated the unsteady-state viscoelastic flow simulation of the polymer melt in the parallel plate type rheometer in this study. Then, we defined the cycle which is the region for estimating G'
and G" by using the relationship between t /g 0 and d . For example, 0 ≤ wt/(2p) ≤ 1 is cycle 1, 1 ≤ wt/(2p) ≤ 2 is cycle 2, 9 ≤ wt / (2p) ≤ 10 is cycle 10. And we discussed the relationship between the cycle and estimated modulus. Figure 7 shows the relationship between the cycle and estimated modulus at frequency w = 1 rad/s. We discuss this relationship in two kinds of protruding part size E, 0.0 mm and 1.0 mm. The estimated G' and G" reaches almost constant in the region of more than cycle 8. We estimate the storage and loss modulus by using the simulation results in cycle 10 (9 ≤ wt / (2p) ≤ 10). In addition, the G' and G" at E = 1.0 mm are larger than those at E = 0.0 mm in all calculation results. We will discuss them in the next section. 
The Effect of Protruding
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[%] 100 ' with the protruding part size and the frequency. The absolute deviation of G" is larger than that of G' at each frequency except for E = 0.0 mm, i.e. no protruding part case. The deviation of G' is less than about 12 % at E = 1.0 mm and that of G" is less than about 20 % at E = 1.0 mm. The average values of absolute deviations increase with the protruding part size. These average values are ca. 10 % for G' and ca. 15 % for G" in this study.
We need to calculate amplitude of characteristic shear stress t 0 and phase difference between strain and stress response d in order to calculate G' and G" from the simulation results. Then we defines the relative ratio of t 0 /g 0 or d by the following equations in order to discuss the effect of protruding part size on the estimated G' and G". Figure 10 shows the relative ratios of t 0 /g 0 and d as a function of frequrncy at E = 0.5 and 1.0 mm. The relative ratio of d is almost independent of the protruding part size E. The relative ratio of t 0 /g 0 increases with the protruding part size E. The value of t 0 /g 0 depends on the torque T q , i.e. the shear stress t zq distribution on the plate. Figure 11 shows the dimensionless shear stress t zq *(=t zq /(h 0 <u>/R)) distribution on the plate at frequency w = 1.0 rad/s and the elapsed phase wt / (2p) = 10. The shear stress increases with E in the region of r/R = 0.9 ~ 1. When the protruding part exists, the fluid near the edge of the plates is not easy to flow. Then, the shear rate near the wall in case of the existence of protruding part is larger than that in case of E = 0.0 mm. The shear stress near the edge is larger than that near the center axis. Therefore, the existence of the protruding part has an influence on estimated value of t 0 /g 0 .
In general, the estimation of storage modulus G' and loss one G" are treated in the linear viscoelasticity region. Then we calculated the viscoelastic flow at w = 100 rad/s and E = 1 mm for three virtual fluids, Fluid 1: e i = 0, Fluid 2: 
CONCLUSIONS
We carried out the oscillatory viscoelastic flow simulation of the polymer melt in the parallel plate type rheometer using the multiple-mode PTT model by the finite element method.
And we discussed the effect of the protruding part size on the measurement data of oscillatory flow using the parallel plate type rheometer. The estimated storage modulus G' and the loss modulus G" using the simulation results increased with the protruding part size of the polymer melt specimen at the same frequency.
The phase difference d and the amplitude of characteristic shear stress t 0 are needed for the estimation of G' and G". The phase difference d was almost independent of the protruding part size. While, the amplitude of characteristic shear stress t 0 increased with the protruding part size because of shear stress rise near the edge of the jigs in case of large protruding part size. The absolute deviations of the estimated G' and G" using the simulation results were up to 20 % at the protruding part size of 1 mm when the plate radius are 12.5 mm and the distance between the plates is 2 mm.
